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By Yred D. Koohendorfer and J. Gary Eettlee

A method ig developed by whiah the performan~8 of sturblne
owrarange of operatlngooadltfme  0anbs anfslytioallyeetlmated

L from the blade angles and flow -e&8. In order to use the method,
certain ooefficiente  th8t determine  the ueight  flow and friotlon
loeaee muet be approximated.
. The method ie used to oaloulate the perfomanoe of the aingle-
at~eturbine of a oammrcial aimraft gas-turbiae  engine and the
calculated  perfomame ie -pared with the perlomanoe inbMated
byexperimentaldata. For the turbine of thetyp1oalermnple,the
assumed preeeure lossee  and tu rn ing  anglee g ive  8  calculated  per -
formance thatrepresents  the tremde of the experImenta1  perfoxm8me
with r8a8onable 8ccure~uy. The exaot~emntbetueen~ioal
performance  and eqerimentulperfomancse 18 contingentuponthe
proper eeleotioa  of the blading-1088 ParrUneter. A variation of
blada-1068 par8LTBter from 0.3 to 0.5 iPclnde8 most of the
experimental data fmm the turbine invest1gatsd.

The analyt;icaldetemln8tion oftheperiomame of8 gae-
turbine engine under various operating oondltlone  or the predidiaa
Of engine PeriOmOe St Other-than-de8iga mditiane require8 a
lmowledge of the mmplete performme of eaoh of the engine cam-
ponents, especially of the capre88or emd the turblxm (refer-
en088 land 2). Emuledge of the ccmponentperfomancte oharao-
teristioe that 0821 be obtained from jet-propulelon-engine  inveati-
g8tion8 ie neceeearily limited 8nd doe8 not, In gene+, provide
a eolution to the problem of opponent matohlng. A perfoxmtnw
teetof a cxmpre88or or a turbine88 8 single uuitprovidee all
the neoeeeary Information, but 8uoh teeting of high-speed,  high-
CZLpsCity  Upit require8 Wet4 aurili~y e&-t. h EWd38i8
that can be ueed either with or without apgine data to eetlmate
compreeeor  aud turbine perfomarme would be valuable.
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Ansnslyti~lmethodforeetimat~turbine  performance from
the blade angle8 and flow areas was therefore developed at the IWCA
Lmcki laboratory and I8 described herein.

The mO& important ~EWZW@.I~~~~  for appliaatian of thie
W1y818 18 8 knowleQe of the blade &n&be & pre88tWe 1088e8 ab
the turbine blade8 and of the TELri8tiCUL8  of these quantities wfth
ohangea in angle of inoidenue and in entrarme Mach number. Refer-
enoe8 3, $0'5 present turn* angle6 and 1088ee of typical turbine
blede8, but their re8Ult8 CannOt be generaliZed  to the extent
required to obtain the performanoe of 8 given blade profile. For
the purpoee of the turbine aaalyeie, the turning emglea and loesee
andtheirPari&tiCX&8witheIltranCe  OOZld~tiOIM are thSY%fOIW aBBUIll6d,
the a88UIUpt~Losle  being CHzneiStelYt  with the lufoml8t1on  ill refer- ,
833088 3 to 5. TheperRmumW of 8 turbine of a cameroial air-
craft gas-turbine  engine 18 determined by meea8 of the anslytioa1
m&hcd and there8ulteaxe  ocmparedwith  eXperimsntald&ta.

The following eymbole end abbreviation8 are u8ed in thie
analy8l8:

A

%b

C

D

g

hp

i

K

P

P

R

area pependimlsr to velocity, (8q ft)

blsding-lo88 flZKYtiOIl8

dieobarge ooeffiolent

pltcsh-line diameter of turbine, (ft)

atxeleratfon of gratity, 32.2 (ft/8e02) -

horeepcner

angle of inoideme (angle between dlreotiou of 8pprofmhing
fluid and kmgent to mmberllne), (deg)

blading-JO88 pakXWt=

tot81 preeeure, (lb/eq it) .

et&tie pI%88We, (lb/sq ft)

@38 OOIL8tmt, 53.3 (ft-lb/(q)(lb))
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r1

rO

T

' t

u

V

W

X
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a

99

998

B

Y

8

8

e

%d
u

inlet wlooity ratio, [“/(v3,a 8in af,s13

outlet velocity r8ti0, [u/(V6,r 8fn +)3

total temperature, (9) ,

etatio temperature, (OR)

rotor-pitoh-line wlooity, (ft/eeo)

fluid velocity, (ft/eeo)

Weight flm, (lb/8eC)

preeeure-ratio fuactian,

jet-deflecticm  parameter8

8t&tOr-blade  exit anglb at pit& line measured ir~&~ aria1
plane, be)

angle between fluid wlooity relative to rotor and &al
phne at inlet to rOtOr, (dog)

Em&e between fluId 8b8OlUte wlooity an8 azial plane at
exit from stator, (deg)

rotor-blade e&mZK3e angle St pitoh liqe 1uea8ured frcun adal
plane, be)

Ski0 of 8peoif20 he&t8
+

I'atiO Of 8beOlUte tots1 pYX388USJ t0 Eit8tiO pZW88LWe Of
HACA 8tandard 8tnWphere St 888 leW1

ratio of abeolute total temperature to etatic temper8tUre
of EACA 8taPdard 8tmo8pherEi 8t 888 level

angle between flnid ab8OlUte wlooity and aria1 plane at
er.Lt from turbine, (deg)

adi8batiO effiolemay

angle of jet deflection, (deg)
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P ma88  denelty, (81U@&U it)

0 rotor-blade exit augle at pltah line meseured irum Sri&l
N--e, ided

=f augle between fluid wlocity z&.atlw to rotor and axis1
plaue at exit frm rotor, (deg)

Subseipt8:

8

b

C

r

5

6

before caeoade

at entranoe to aaeoade

after oaeaade

with reerpeot to rotor

with reepeot to 8tator

ambient (EACA 8taadsrd atmoephere  8t 888 leW1)

etator inlet 8t pltoh line

et&or throat at pltoh line

8t8tOrr Outlet at pitoh line

rotor inlet 8t pitoh line

rotor t&o!& 8t pitoh line

rotor outlet at pitah l*e

AEALYSIS

Statement of Probkean

The quantities cmmanly employed to define the perforrnanoe of
a turbine and the independent or operating vsriablee aret a8 followe:
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PerfOrmaPCe variable8

Total-pressure E&IO, Pl/p6

Tot&l-temperE&tuJX  ratio, Tl/T6

Weight flow, W

HOr8epOWer, hp

Adiabatic efficiency, qad

Operating variable8

-let tot81 pm88uT8, P1

Inlet total temperature,

+

5

Tl

Rotor-pitoh-line velocity, U
a

Outlet 8t8tb pre88Ure, p6

Bymeans of dlmenelcnalanalyeee orby 8 method eimilartothat
used in the analy8ie which follow8, it oan be 8hoVn that the four
operating variable8 can be reduced to two operating paremetere.  The
perfozmanoe  and Oper8tlng parameter8 would then be a8 followe:

Performance p8remetere Operating parameter6

Tota1-p3?08su33 ratio, Pl,8b6,8 Turbine preseure ratio,
(based on axis1 leaving velocity) '1,8/&j

Total-temperature ratio, Tl,@6,e Rotor-pltoh-line velocity,

weik?bt f1ow2 wfsbl,e
"/pYJ

Horsepower, hp/(f5  %, 8)

Adiabatlo effloiency, qad

The object of thie analp ie to determfne  the value of each
of the performanm parameter8 for given value8 of the two oper-
ating parametere.

Outline of Method

For the purpo8e of the analyeie, the turbine pre88ure
ratb pl, s/P6 cannot be used direotly beOau8e it is a product of
the interdependent preeeure ratioa Pl,8/P3,8, P~,~/p3, p&q,rj

P4,r/P6,rr 8nd P6,r/p6j whioh cannot be determingd  for 8 given
value of Pl 8/P6.

8nd u/j=,

E inetead, value8 are chosen for Pg,8/p3
and if the preeeure 1088e8 and tUrning angle8 are

bowh or a88Umed, 8 etep-by-etep prooese c-an be employed in Whhh
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the 8UC%Cte88lW preeeuree, temper&turee,  and WlOoitie8 oan be csul-
oulated from the priaoiplerr of flutd me&anios. After the pree-
8~~88, teIkiper8ture8, and WlOoitie8 8t the turbine outlet h8W been
obtained, the performme parameter8 and 8180 Pl,8/p6 oan be
oomputed; the performme parameter8  aan then be plotted 80
funeiona af Pl,8/~6 and U/d%-

Bladw 1088e8. - The 1088 in total pre88tU?e that OOOUTB
during paesage of fluid through 8 08808de Of blade8 may, for
OCXlV~llieIK30 Of CUl81781EJ,  be 8ep8l?&ted  tit0 tW0 1088e8: the eIIi2-y
1088 o8umd by other-th&n-zero  entrance angle aud the frlotion
1088 that results f’ran the aotual pa88age through the oaecade.

The entry 1088 oau be approxlmsted  (fig. 1) by reeolving the
entering wloolty into wmponente nom&l and parallel to the blade-
enttxsnoe direotlon emd by then 8eewning that the nomal ocmponent
18 108t;  t h a t  18, vb = v, 008 i. Th18 approximatiou  gives entry
loesee that me independent of the sigu of the angle of incidenue.
The loseee for poeltlw angle8 are actually greater than for
oorresponding  negative augles, but for blading having 8 eolidity
greater than 1.5 the error 18 probably not too large. For bLsde8
haviag eolldities lee8 than 1.0, however, 8 better 8pproximxtion
might be obtained by a88Uing the nom&l OampOnent to be 108t for
positive angle8 of inoidemoe and no entry loeeee to oocur for
negative anglee.

The frlotion 1088 oau be 8pprwted by

where K i8 GOlI8t~t  for a PartiCU~  0880!3de  end +v2 18

the average dynemio knead of the fluid in the oaemde. Thie
eXplW88ia for 1088 (appendix A) oan be reWrittenmae  follOW8:

For the 8t8tOr

'3,8
1

- '1,8 5 (1)
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. For the rotor

,

.

where

and

'6,r
a4

p '4,r 5

b

A plot of a and b BB fUIlCttlon8 Of the pIW88Ue r8tiO p/P fW
v8rloue values of K when y equal8 1.34 ie &ven ti figure 2.

8=1- K (g)+ p - ($]

(2)

Other lO8Ee8 8Uoh 88 blade-tip and SepEWatiCSL  lO8Eea ehould
be small for well-deeigned turbine8 operating IWa8ombl.y cloee to
deeis condZtion8  and therefore will be neglected in thie analy8113.

-The eUI&3thrOUghWhi~h 8 fluid i8turned ca
passing through 8 @van Ca8OEtde depend8 on the angle af incldenue,
theblade exltangle,andthe  entranceMaohnuuiber.  Forblading
having a eolidity of 1.5 or greater, the.turning angle 80 varies
with the angle of inoldenoe that the fluid exit angle remain8
spproximately equal to the blade exit angle. The effect of
entrance Maoh number cm the etit 8ngle ia emall uuleee conic
VelOOity eXi8t8 8t the blade throat. In thie oa8e, the jet of
fluid passe8 the tralllng edge of the blade at a emio or super-
conic velocity and, if the preseure in the region beyond the
c&made 18 not equal to the preesure at the blade thro8t, the jet
will deflect. The angle of defleotLon will depend on the preeeure
ratio in aocord8noe with the Prandtl-Meyer theory. (See, for
example, referenoe 6.) Although a defleution may actually ocmr
at both the upper and lower trailing edge8 and the flow configure-
tlon may be quite oomplex, it will be aeeuwd for etiplioity that
the mean defleotion 28 given by the Prandtl-Meyer theory. The
angle of jet deflection 88 8 fULIOtiOn of the rati0 of 8tatiO-to-
totalpreeaure  inthe regionbeyondthetrailingedge  of theblade
for eoaic throat velocity ie oalmlated from the relatlone In
8ppendiX B and is plotted in figure 3. It will therefore be
aeeumed that the angle at whloh the fluid leave8 the blade 18 equal
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to the dlfferenoe  between the gemetricalangle at the pituhline  of
the trailing edge of the blade and the angle 09 jet deflectlcm given
by the PraUdtl-Meyer theory.

%X810 ~UatiOIl8

The basic equations to be ueed oan be derived from the deflni-
tion of total presetme

the definition of total temperature

T=t ;+*I
1 (4)

the eqUatioa3 of etate

P'PBRt (5)

amI the primlple of oaneervakia of energy, which can be etated a8
fOllOW8: When heat ie neither added nor removed and when the
wlooity is referred to a set of ooordinatee  that mow ut the
wlooity of the blade row, the total tWpeZ?atU?e  remairu!~ ccmetant
from point to point, Wherea the total pIFe88tlre  VI%riee in 8COOrda?ICe
With Vt8COU8 1088e8.

Equation8 (3) and (4) can be rewritten 88

t=T l-
c. _.

(7)
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,Thewelght flaw at aply point is W=
tiona (5) to (7)

P=&- P
m l-0

[I wgK1! 1

Alao from eqrration (6)

9

CspAV andfrcmeqcra-

r

80 th8t

,

.

(8)

'phe WBl7818 i8 made for 8 8il&e-8tw pEX"ti&l-r~~ti~ turbine
h&m ale eetof 8tstor blade8snd Osss eetcbrotorblade8, eEK3h
of the blade 8et8 fw 8 eerie8 Of Wtl~@Ilt PoZZle8. A
8ehematlo die@.mnof  theturbtie la 8hown in figure 4 8nd the
relooity diagram In figure 5. An lqpuleeturbine  or 8 turbinehaving
blade eectlcm that fann aaawrge&-Uwrgent nozzle8 aan be ocgl-
eidered by mBk2ng 813&t slter8tion8 to the method.

The quatitle obtalnedfrcmthe geawtryofthet~rbine are:

.
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Area of etator throat,  A2

Area of rotor throat,%

Pitoh-line diameter of turbine, D

Stator-blade erit an&e, a

Rotor-blade mtraxme angle, fi

Rotor-blade eat angle, Q

The quantitlea  that muat in general be aemmed are:

Meoharge coeffloient, c

Blading-loss paramster; K

Ratio of speoifio heate, y

Stator. - When a value for P~/P~,~ ie aeewned, then b3 can
be obta%md from figure 2 and hence P~/P~,~ oan be calculated
from equation (l),

p3 p3 1-=e-
Pl,E4 P3,E! b3

The wef&t of' gae flowing through the atator from equatim (9)
Ii3

=2

where

.
In figure 6 X le ehown as a f'unction of p/P for two valuee of y.
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Pg,
If p3,t3 -

P2,the statorle chokedand -=
P2,e

Inasmuch  ae Pl,* = P2,eb2 and Tl,* - T2,*, the weight-flow
parameter frm eq.uaticm (10) becclanee

W+i-il-Tp- - czb2L r+l(ZYG) I2 )+i _ (*)q+(11)

, then P3,B = P2,c, and p3 = ~2. Then

Pl,e = P2,et b2 = P3,e and b3.’ Tl+, - T2tB = T3+> and tm
weight-flow parameter ie

Wl6-i81-t g3 I/& x3 (=I

The velocity leaving the &z&or, *CBD equation (81, ie given

The deflectfon of the jet- v3 aa It leaves the stator can be
obtained frm. figure 3 for P~/P~,~. The angle at whiGh  the jet
leaves the etator ia then %,s = a - V3.

y-1$[ 1p3 yl- -
c )P3,Ei

03)

Rotor. - A value Is aseumed for

mh.e
ri =

v3,4%7B  ein af,8
(=I

.



Frols thE ?0loolty diagram of flm.5

%,r2 = an 4,s - a2 + (03,# ao@ 5 J2I 1 - (vs,, al %,,I2 g,, + (1-r,121 (16)

fan 4,r =
Y.. sin ‘k I - uI

5 OaO 4,e
- tan ‘4,&g

Aooordlqto the ammnptl~ 00 dryloasee,

v4,r = %,r 00~ (4,r - e)

Wlthequatlm (16)md the expaaledfcumc& COB (+,r - fl), thlaequntlcmbeocmee

or

c 11
V4,r

2
- vq, ain 4,s cot2 q,m f (l-q12 ooa 4,= (CofJ B + taa. 4,, Sin a)

Al00 1
1c )2

Ooa al,, = l+ teJa2 a2,s

(17)
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80 that finally by UBO of eguatian (17)

13

v4 r v3 a
q$ = 4-& 008 CLf+ I[008 B + (1-q) w af+ SW B1 (18)

In order to find the total temperature with reepeot to the
rotoqtquation (4) I8 ueed, whiah givee

q,e = T3,E4 = t3 +
(Y-1) V3,e2

2Y#

and

T3,r = t3 +
(Y-1) V3 ,r2

2Y@

Therefore

T3,r =Tl,e 1 -r (Y-1) (vs,B2 - v3,r2)
2y-1, a

and with equationa (16) and (15)

(19)

Equatlom (3) and (4) are seed to find the total pressure at
the entranoe to the rotor with respect to the rotor, whloh give

[ 1*
'4,r -pP l+

(Ysl) v4,,” .
2YgRt4

t4 = T4,r -
(Y-1) Vi,,"

2YgR
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Then, beoauee  p4 = p3 and T4,r = T3,r

Theweight-flowparameteratthe  rotorthroatoenbewrlttenae

where fkcm equation (9)

w e5r
-G5,r

=+7k~-gF&=5

Therefore, beoauee T3,r P T5,rr

x5 =

The caly Ungaoun quantity cm the right-hand eide of equa-
tion (21) le the preeeure-lose term P4,r/P5,r but in order to
detexmlne thie term frcm the loes equation

.
P4,r = bg
'5,r 84

(21)

b5 must be known. The conoept b5 ie a fuuatlon of ~5/P5,~ and

hence of x5. A trial-and-emor  process met therefore be ueed.
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A value of p5/+ suah that

p3 ) p5 2 2y-1
P4,r P5,r ( )r+l

can be chosen as a first approximation. Then b5, P4,r/P5,rr  X5,
and finally p5/k5,r can be obtained. -cm this seoond approrima-
tion, a second value of b5 oau be obtained and the process
repeated. Cmvergenoe is rapid and the second approximatim will
usually be sufffoientlg sccurate.

The maximum value that X5 OBp have Is

and if the value & X5 from egaatlon (21) is greater thsn the
maximum, cm of the original aesumptions (that is, p3/P3,s or
u/ pgi) must have been ~ssable.

E the rotor Is not choked, the static pressure In the
8IIIIUlUS fOlkdng the rOtOr p6 is equal to the statio pressure
at the rotor throat pg. Whenthe rotor is choked, p6 canbe
less thsn p5 and consequently p6/k6,r can be less

than &5,r* In this ease a value 0811 be assumed for p6/P6,r
and br oan be obtained from figure 2. This procedure aan be
sumnar~zed  8s follows:

For

p6 p5-o-
'6,r '5,r

.
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b6 = b5
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p6 c p5- - -
' 6 p '5,r

The velooity leaving the rotor with respect to the rotor is given
by 1

2

(22)

inasmuoh 88 T6,r = T3,r

The jet deflection at the rotor
figure 3 for p6/P6,*. The aagle at
rotor is then

Of =Q-

outlet v6 is obtained from
which the fluld leaves the

'6 (23)

From figure 5 the 8bsOkIte velooity downatresm of the rotor is

V6,e - @6,r *In % - u)2 '+ (v,,, co* ofI2

or

v6,s = V6,r 8ti af cot’ of +t (l-ro)2 2
I (24)



.
NACA Bf No. YE6116 17

.
where.

The

or

The
by using

.

or

qpg
rO=

v6,r/qci rJin q
(25)

8bSOhhe exlt angle 8 uan be obtained frcm*

tan 8 =
'6,r *In ck - TJ

'6,x- 008 Of

tan 8 = tan Of (l-s) (26)

total temperature down&ream ob the rotm ~an be obtained
equation (4) to give

'6,s = t6 +
(Y-1) v,, a2

2YgR .

Il3,r p T6,r "t6 +
(Y-1) v6,r2

2YB

T6,s = T3,r -
(Y-1) (v6,r2 - v6, a21

2YgR

Then fran equation&  (24) and (25)

Tg,e=l- (y-l) u2 2-ro

T3,r ( )2Ym3,r T

Beoause, in general, the tsngential ocmponent of the velooityleadngthe rotor OaxLnotbe oamerted intoueefulthnret, the total
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pressure downstremahouldbe oaluulatsdircanths
of the edt vsloclty; that is

axial ounpment

Y

pg,B ~ b + (r-l)(b;&~* n)j%
p6

or, bwause

t6 p T3,r -
(Y-1) v6,r2

2YSa

h,
p6

.

(28)

Perfomams paramtsrs. - The fluid veloolty, ths pressure, and
thstsunpsrature  8t8ny pointintheturbine arexmflmum. The
turbine per9omance oan be evaluated by oambinlng these qusntitiee
to foxm the following parameters:

The ratio of total tsmperatures  can be rewritten 8s

or, with equations (27) snd (19)

3&= 1
Tl,s C -4$$4$$)~$)][l-~(%j2 .
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Substitution for Tl,s/T3,r frcm equation (19) fin8lly gives

T6,* 5: 1
Tl,s

ME(~+~)

The other performsme parameters oan be obtained as

,

follows:

\z:: = (ef$%? (2::) ($2
z;;: = (gg(.?;*) l

'6 sl--

'ad =
Tl,s

y-l
Y

l-

.
.

U= _*RTlsI

hp

4-91,s %,a

19

(29)

(30)

(31)

(32)

(33)

TYPICALEXAMPLEOFMT!WOD

As an exsmple of the use of the method and of the results that
can be obtained, the performance for the turbine of 8 ooPnmercia1
airoraft gas-turbiae  engine will be calculated and the calmlated.
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performance will be compared with the experimental. The gecmetrloal
properties of the turbine are 8s follows:

A2 = 0.852 square feet a = 62'

A5 = 1.26 square feet $ = 24'

D = 1.833 feet 0 = 470

The valties of C, K, and y for this example are assumed as
follous:

C = 0.98

K = 0.30

ye = 1.33

y, = 1.34

With these values the method Is 8s follows:

(8) Assume p3/P3+  and u/ q5:. - ...

(b) Find b3 fimmfigure 2 and V3 franfigure 3.

(4 P3/Pl,* ='P3/P3,* &0

(d) rf p3/p3= 0.539, ~2/P2,s = ~3b3,si

if P3/P3,* c0.539, P2/P2,* = 0.539.

(e) Find b2 fran figure 2. 'I

(f) x2 = ~P2/P2,*)l*504  - (P2/P2,s)1075g
t
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.
(i)

w

(k)

w

(4

(0)

(PI

Cd

(d

(8)

(t)

(4

*,* -62 -V3

ri = u/4/~
vs,s/~~ *lJa CtP,s

T3,r/Tl,a = 1 - (i+----f-g)
oos QP,., 24O + (l-r) tan af,* sin Am 24'I

Find a4 fraa figure 2 and amumS b5.

*d P5b5,r frcnnfigure 6.

Flad b5 frau figure 2 and cheek with 8SSUmSd b5.

p5-* if P5/P5,r  = 0.537,
'5,r'

QSSUme  P6/k6,r  5 0.537.

Vs,r/ 4% = 116.3 F - ($--)"'2"l"

Find v6 fraDfi@re3 end b6 iKmfi@Ire 2.
.

Of = 47 - u6

.
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tw) T6,sb3,r = 1 - (& i!&J(%)(%)
¶

(4 P6,*/P6 =

The perfcmnancte parameters are:

3.941

P6k,s = (P3/Pl,e) (P4,r/P3) t84/b6) (P6/p6,r)

bd = 1 - @3,&l,*)

l-

( )_ T6,sW6-i
qqy-&* = o-3628 To 1 %,a T

A swmuaryofthe  oaloulations  is givep fntable I.
.
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l!bP step fr), it is neoesaary to find the value cb U/ J&
for WhiGh ~5/P5.r = 0.537, that is, for whloh the rotar is choked
r&l x5;-- . ' !Chia value txm be found moat simply by
plottag x5 &&&kSt UfqG (fig. 7) and finding the value
of Uj A& that corieegonds  to 25 = 0.241.

BeCatia& the final p6irfomamepmm&ersaretobeobtainedas
fuact;iom of P&g for con&ant U/ (5, it is desirable to
have the dhokhg vaiues of Uf h/G correspond to the lnitally
ahasea V&~u&ls bf D/ &-$a mlia wm3spoudence- can be 8oC~p116hed
by piotting She aho- v&lue& 0f IT/ ~~~ against p3/P3,*
(fig. 8) anil Biding the values of p3fi3,* that oorrespcmd to the
de&red va'luae c& U/d=.

ban f&ure 8, the Potor-ch~ duea of p3/P3,* that
a0m3egma t-6 valnea ai? U/ 4% of 455 and 638 are 0.5245 and 0.5650,
SeapebtilirelJt. TheperfoXmance aalcalaticms  fort&em values
6f p3/p3,s %m atmmwiaed in table II.

mepe&mm bma8 aff%gure 9 ax8plottediKnnthe value8
in tables I anzL -TX.

Dxmoox OF 3lFmmmm iIxnms

tb3ndS Of &kbII~&~  %E4rf+OrmanCe

Chaking .of the turbine, in either the at&m or the rutor, is
anis 02 'tie most btpe f8ctors affeoting turbine performance.
The omditiaa$ fop at&or 8nd rotor choking ST8 obtatied fYom
tabie =-Per tie turbine of *he typical exampla and are given in
figuri3 10. The ~'tarb3nepresrrureratio  atwhichthe st8tor chokes
iLncrelsse~ W%QI 3mreas3sg mtm-&peed parameter whereas the pres-
smaX-MAof6r2o%oY c'hokingie almost 3nbpen453ntuf the speed
pEmmetm?. -Fdi'paiues c$ ,%he rotor-speed parsme ter mter than
$25 The &a%02 C%nno't; ohok%

An&her -oYtant as'iderat;lca is the vadation of inlet and
outlet V&o&lty ratios. These r&Los asae the rotor entry-
and arit&hirl laeses and &Ye?& mainly the adiabatio effioiemy.
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When the fluid enters the rotor at the blade entranae angle, the
inlet veloaity ratio frcm equatican (17) 10

ri=l- tan "' = 0 763
tan 62' '

For axlal outlet velooity (that la, no whirl), the outlet veloaity
ratio r. ie equal to 1.00. Aa is ehom in figure 11, the epeed
pammeter and premure ratio for which both of these aonditlcme  are
eatisfied we 636 and 2.55, reepeatively.

The variation of the temperature-ratio pmameter with turbine
prem8ure ratio 18 8hown in figure 9(a). The temperature-ratio
parameter is directly proportianal to the ahange of the whirl
component of the fluid a8 it passe8 through the rotor. For turbine
pre88we ratio8 lee8 than the preesure ratio for rotor ahoking
(fig. lo), both the entering and leaving whirl aanpcmente inure-e
with pressure ratio. For turbine preeeure r8tioe greater th4h the
rotor-choking pressure ratio, however, the enteringwhirlaaupcmnt
ie aaxmtant and, became of the Jet defleation, the leaving whirl
OmpCaNnt ie maintaIned a-et aczm&anteventhoughthe exit
velaalty inareaeee with Tnareasing  preeeure ratlo. Hence formy
given rotor-epeed parameter, the temperature-rat10 parameter
imreaaee with increalslng turbine preeeure ratio until the rotor
Uhake8. At pressure ratio8 higher than ahoking, the temperature-
ratio parameter remains relatively acumtmt.

The total-preeeure  ratio (fig. 9(b)) is a function mainly of
the turbine preesure ratio, the rotor-egeed  parameter having a very
small effeat. It ehould be remembered that for thi8 analysie the
doWn8trm total pI'W8UW Pw ha8 been obtained fmm the axial
aomponent on the downstream velocity rather than the total down-
stream veloaity.

The adiabatla efflaienay given in figure 9(a) ie also dependent
on the deftiiticm of downstream total preeeure. The greatest
effiaienay is obtained for a 8peed pEWaru&er  of 636 and a preeeure
ratio of approxUately 2.55, which ie in aaaordanae with the
pretioue dieaussion of the effect of the veloaity ratio8 on adia-
bat10 effiaienay.

The weight-flow parameter (fig. 9(d)) increases with turbine
p&sure ratio until the turbine ahokes, and then remalns aonstant.
For the two highe8t speed parameter6 (636 and 546), the weight flow
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is limited by rotor ahoking, where88 for lowsr.spesd  psrsmsters the
weightflowis lirpitedby stator ahoking. The ~8tSStWSightflOW
is slI&My less for rotor-ahoklng speed parameters thsn for statar-
ahoking speed pmsmstsrs.

The variation of the homepower parameter is shown in flg-
ure 9(e). !Phs horsepowerpemmteris  proportiollaltothe  praduat
of ths temperature-ratio parameter and the weight-flow psrsmetsr,
both of which inarease aith turbine pressure ratio for pressme
ratios less than 2. Far preasurs ratios between 2 and 3, the
tmnperaturs-n&lo  psrsmeter aantinues  to lnarease but the wefght-
flow parsmter is almost acastant 80 that the horsepower parsmeter
aontinues to inarease, though not 80 rapidly as for pressure ratios
less than 2. For pressure ratios greater than 3, ths weight-flow
parameter is acmstant, the tsmperaturs-ratio pammeter is almost
am&ant, and the horsepower,parameter Is almoat aomrtsnt.

!I!he effeat of the ahoiae of the bladiag-loss parameter  K cp1
the perfonnanae psrsmetsrs is sham in figure 12. The effeat aan
be seen to aozmiet  mainly of a vertiaal shifting of the ourma,
saahaur-mretaining  its gsneralshape indetpendentlyofthe biding-
1088 parameter. Foragiwnturbinet pressuH ratio, inmessIng
the blsding-loss pammister by 0.1 results in an inarsase in the
total-preesure ratio of approximately 0.5 peraent and a decrease
in the tsmperature-ratio psrsmetsr and the adiabatic effiaienay of
approzimstely 2.0 percent.

C-is- with EQmimemtalResulte

The turbine  of ths typiaalexsmpls  haebeenoper8ted.atthe
XACALewie labaratoryas  apart ofa@s-turbine engins and
the msultingdatahavebsenusedto  obtaintheturbins perfom-
anae parameters. The variation of temperature-ratio parameter
and sdiabatia effiaienay with rotor-speed parmeter is prsaentsd
infigure 13 f&values oftbeturbinetotal-pp+essurs  ratio
rcmging fl?un 1.71to 2.34. Curves ofaalaulatsdpsrfonnmaesxs
also presented for vale8 of the blading-loss parameter K of
0.3xnd 0.5. ~gensrf0,thetempsruture-ratio-paramtsr  am-
parison indiaates a blading-loss pemmeter of about 0.3 exaept
at a pressurs ratio of 2.34 where the blading-loss pammeter
shuws am inarease. Thetrendoftlm  effiaiel3ogaam~isonis
toward a blad.Ing-loss premeter scmewhat higher than 0.3, but
in general less than 0.5. Tb3 trezkl of a higher indiaated
blading-loss parameter an the basis of the effioienay aanpsrison
is probably due to the additional error involved in the use of an
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expsrimentsllydetemminsd  pressure ratio to aalaulstethsmsasursd
effiaisnay. The importanae  of sdditionsl invmstigstione  of aondi-
tione that influenas the blsding-lose peameter is alesrly evident
inasmuch as the degree of sgrewnent between theory snd experiment
is aontingent cm the proper ahoiae of this parameter. For the
turbine invsstigsted, a blsding-lose parsmter of 0.5 would be
slightly higher than the experiments indicate snd the aanplete
engine would aatually perform eamawhst better than would be
predicted by a theorstiaalnrcrtahing  study.

COmms1035

Framathemetiaslinveetigatioa  of the perfomsnaa of the
turbine acqponentof  a acmneraial afraraft gas-turbine engine and
a aompsmison  of the perPomsnae aalaulatad by means of the
snslytiaslmsthod snd the experimentalperfomsnaa,  it is acmaludsd
that: .

1. For the turbine of thetypiasl exsmple, theaesumsd  pree-
eureloeees andtuzninganglee give a aslaulated  performan08 that
represents the trends oftheexperimentslperiarman ae with
reaecm%ble  aaauraay.

2.The ~eamsntbetwssnsnslytiaslperformsnae  apd experi-
mntslpeMormsnasis  aontingentupanthe  proper eeleationof
blsding-loss  parsmter. The  experlmen$aldata  indiastethstfar
the turbine of the typiasl exsmgle ths blsding-lose parameter
varied fra 0.3 to 0.5 for meet oi the range inmtetigsted.

3. The methods of analysis should be appliaable  to sny turbine
with rssswsbly well designed blading, although the ssme aoeffi-
aisnt will not neaessarily apply. Forturbineewithpoar blsding
desiepl, the preeeure loeeee snd the turning s&Lee will be
diffiault  to evslusts sud the Wends, ss wsll as the msguitudee of
the aalaulated peWfolmauae,lnsybs inaarrsat.

Lewis Flight Propulsion Labaratcs'y,
Rations1 Advisory Ccsxnittse for Aeransutias,

Clevelsnd, Ohio.
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5e loss in total pressure due to friction effects tit oaam
whenafluidpaases  i%roma casoadedepe&s  onthedesi@ofthe
particular cascade, on~eRqmoldenmdbsr,  andcmtheaverage
-ahead inthe cascade. Forapsrticulmcascade,howmsr,  the
effeatofachangsinthe Rsymldsrnmiher  causedby change inoper-
atingaonditions  shouldbe mmU.8~6~forareasonablywide  range of
operating aoIlditions. 5eloss oanthersfczebeapproxtm&sdby  '

bplo88- y3za+v2)

1
tiere K isaaonsta;ntfcwthepartioularoas~deand  zpv2 is
i&e average dpanda

llb03n equ&tione

head In tie ctascade.

(5)? (51, and (7)

r r-11 r
,$P&=~Pl-y-l 1 -($)7JN7

~+J).@f [lM@q+pa(g5f~-(gJq} (35)
5epreskreloss -&enbecmse

Pb 8 -Pa b (=I
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where

($yl -($+j8=1-K -

HACA R4 No. E6116

(37)

5evariationof 42mblading-losapammeterwiththeratio of
static-to-totalpresmrefor  sewmalvziheer of K is showninfig-
ure 2.

For the stator tie enkance veloai* is 8mXL; then

a"1

and eqgation (36) becarnee

Pl,s = P3,e b3

For tie rotor, equation (36) becomes

.
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5eerpaneionofamlfozm,two -dimensioml, friationless sfxemu
ofgal3flowingaz-o~acorner atsozLaorsupersc&aspeedshasbeen
investigated by Prsmd-KL azd Wyer. 5eanalysie  ofreference shows
that the Jet deflection is give.13 by

where '1) is~eangleof jetdefleatianand p/P istheratio of
static-to-total~essure int2~ereglonbeyxmdthe  trailing edge. For
thepuzposeof this discussion, x wd g asnberegardedaspsra-
meters. A value la assmed for T, the concepts p/P az4d y are
computed from equations (39) apd (401, respectively, and 1) is
obtainedfrcmequatim(36).
(See fig. 3.)

5en P is hown as a funation of p/P.
c

.

. .
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sTlBIg I - WURAFiY OF CADXLAl'IOHS  FOB UWHOltED  IVRBItB  ROTOR OF TYPICAL -
E, oat 0, OGJ
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TABM II - SUWARYOF !JAUXUTIORSF'OR CEOlDVJRBIIIBFiOMR  OB TPFIOALEXAUFW
B, 0,s; c, 0.q

:E. .9610 .Dwo 48.71 49.05 .81BT .a869 1.4l51 8.280 a.880 .9189 1353.6
.844l am?4 1.5511 5.5a1. 2.34-C .OlY wBs.6

.m .96W 53.00 .aaaa .8198 1.6865 4.058 8.879 .9lBi 1409.4
0.5346 0.5105 39.54 45.23 61.8 4&&a 0.8017 o.m.7 o.ma 0.537 0.537 0.9626 44.45 a;& 0.8495 XL514 a.mO i3.863 o.awa 1111.0

.BBlO 40.15 .6!200 .a459 1.4351 3.8m 8.855 .a214 1806.0
.a408 1.5958 c.ol.k? e.s56 .BloQ w5.0

w
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1.06

1. 05

l-04

1.03

1.02

l.Oll ! I I I I I I I I I u\y

a

*7+ -3 -4 -5 A -7
Preesure ratio, p/P

.a .9

Figwe 2. - Variation of blading-loss functions  a and
b with ratio of static  to total  pressure  for several
values of bladlng-loas parameter K. y = 1.a

a = 1 - K (f) $ [1 -(F) 9 ] i

b =I +K ($[l -(;)*]*
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Figure 3. - Variation of jet deflection with ratio of
statio-to-total pressure in region beyond blade exit.
Y = 1.34.
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I I I I I

.60 -65 l 70
Pressure ratio, p/p

Flgure 6. 0 Variation of pressure-ratio funct$on X
with ratio of atatlc-to-total pressure,

x = [($ I (;)y
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l

Figure 7. - Determination of rotor-choking value8 of U/d@=
Turbine of typical exampie ;
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Figure 8. - Values of p3/P3 ,* and U/d@= that correspond
to rotor choking. Turbine of typical example; K = 0.3;
C = 0 . 9 8 .
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(a) Temperature-ratio parameter.

2.4

2.0

1.6

1.2
1 . 0 l-5 2.0 2.5 3-o 4.0

Turbfne preamre ratio, Pl,dp6

(bf Total-pressure ratio.

Figure 9. - Performance parametera for turbine of typioal example.
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.6 I I I t I I t I I
(c) Adlabatlc efflciencp.

Turbine pressure ratio, P1,~/p6

(d) #eight-flow parameter.

Figure 9. - Continued. Performance parameters for turbine of
typical example.

.
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Turbine pressure ratio, Pl,s/p6

(e) Horsepower parameter.

Figure 9. - Concluded. Performance parametera for turbine of
typioal example.
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I
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Turbine pressure ratio,Pl,,/p6

Figure 10. - Condition8 for turbine chokfng In
turbiyzRof typical example. K = 0.3;
r!=

+
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'Turbine pressure ratiQPl,dp6

Figure 11. - Variation of inlet and outlet velocity ratios for
turbine of typical example. K = 0.3; C = 0.98.
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(a) Temperature-ratio parameter.
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Figure 12. - Effect of blading-loss parameter K on turbine per-
rormnce parameters.
546; c

Turbine of typical example; U/G =
= 0.98.
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Figure 13. - Comparison between theoretlcal and experimental
results for turbine of typical example.
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Figure 13 .- Concluded. Comparison between theoretical
and experimental results for turhfne of typical
example.



/

I


